Here we describe a new chemical route for obtaining highly dispersed nanometric Ni particles embedded in different matrices based on Al 2 O 3 , MgO, and TiO 2 and in the heterogeneous matrices CeO 2 -doped Al 2 O 3 and MgO-doped Al 2 O 3 . The synthesis method is based on a modification of the polymeric precursor method. The Ni nanoparticles (particles in the range of 1-40 nm) were obtained in a single process, without the use of an external reducing agent (hydrogen atmosphere).
INTRODUCTION
We have recently described a new in situ route for the synthesis of nanocomposites (a bottom-up chemical process). The nanocomposite is obtained by a direct process, 1-2 which consists of the formation of hybrid polymers composed of Si, O, C, H, and metal cations arrested within the macromolecule chain, followed by a controlled pyrolysis step. The CO/CO 2 atmosphere resulting from the pyrolysis of the organic material leads to the reduction of the metallic salt. In this process, citric acid (CA) is used to chelate the Si, resulting in a Si-citric complex. Ethylene glycol (EG) and the metallic salt are then added to the citrate solution to promote a polyesterification reaction, resulting in a polymeric precursor, which is pyrolyzed in a N 2 atmosphere to promote the formation of the nanocomposite.
The studies of the catalytic 2 and magnetic 3 performance of this material show interesting properties, that are strongly dependent on the metal-metal and matrix-metal interactions and are mainly of the nanoparticle size. On the other hand, it is essential to develop relationships between the processing conditions, structure, and properties. Such a study will allow us to predict and tailor the nanocomposite properties of new systems.
In this work, we present a modification of the method developed by Leite et al. 1 to synthesize several nanocomposites based on a metal oxide matrix (Al 2 O 3 , MgO, and TiO 2 ) with embedded Ni nanoparticles. These matrices of aluminum, magnesium, and titanium oxides have been widely used as support for active sites (transition metals) in heterogeneous industrial catalysts. 4 The present study is 
EXPERIMENTAL DETAILS
The chemical process used for the preparation of the samples consists of the formation of a metal (Al, Mg, and Ti)-CA complex (containing the Ni salt), followed by a polymerization step with EG. As an example, the experimental procedure of the synthesis of a Ni-embedded Al 2 O 3 matrix will be described. The metal sources are Ni(NO 3 ) 2 ·6H 2 O (99.9%, Aldrich) and Al(NO 3 ) 3 ·9H 2 O (99.9%, Aldrich). CA was dissolved in water, and the aluminum (III) nitrate and the Ni nitrate were added to the CA solution and mixed for homogenization for 15 min at room temperature. It was used at a CA/metal (Al ϩ Ni) ratio of 3:1 (in moles). EG was added to the citrate solution, at a mass ratio of 40:60 in relation to the CA, to promote the polymerization reaction. 1 The metal concentration is the sum of (Al) and Ni.
Characterization of the (Al)-citrate solutions by nuclear magnetic resonance (NMR) spectroscopy shows the formation of an (Al)-CA complex (see Fig. 1 ). The liquid-state NMR spectra of 13 C were recorded with a NMR spectrometer (Avance DRX400 model; Bruker, Germany), operating at 100.61 MHz, with a 5-mm probe and maintained at a constant temperature of 303 K. For the determination of the chemical shift of the sample, tetramethylsilane was used as an internal-external reference of 13 C. For the synthesis of the nanocomposites based on the TiO 2 and MgO matrices, the metal sources used were titanium isopropoxide and magnesium nitrate, respectively. Figure 2 shows the general flowchart to obtain different nanocomposites.
The nanocomposite is obtained by means of the pyrolysis of the polymeric precursor. This pyrolysis occurs in two steps. The first one promotes the breakage of the organic part of the polymeric precursor. In this step, the polymeric precursor is heat-treated at 250 °C for 2 h in air. After this step, the material is milled in a ball mill, yielding a fine powder. This fine powder is submitted to the second heat treatment stage, performed in a N 2 atmosphere, at temperatures higher than 400 °C. The temperatures chosen for the two heat treatment steps were based on a previous thermogravimetric analysis. It is in this second stage that the nanocomposite will be formed. Elementary chemical analysis (CHN analysis) shows the presence of residual carbon.
The Ni/X (X ϭ Al, Ti, Mg) ratio of the matrix varies from 0.25 to 2.0 in the different matrices, considering all systems studied. This was confirmed later by atomic absorption measurements (Hitachi Z8230). Figure 1 shows the 13 C NMR spectra of the CA in aqueous solution (Fig. 1a) , and the aluminum nitrate plus CA solution, just after the preparation (Fig. 1b) , in the region of carboxyl groups (160-195 ppm). All measurements were taken at 303 K.
RESULTS AND DISCUSSION

Citrate Characterization
In the spectrum of the pure CA solution, the peaks at 176.5 ppm and 179.5 ppm are associated with the terminal carbon (C 1 ) of the carboxyl group and the carbon of the central carboxyl group (C 2 ), respectively. Figure 1b shows the liquid-state 13 C NMR spectrum of the Al/CA system just after mixing. In this spectrum, we can observe new features, like a peak at 181.4 ppm, besides the peak at 180.2 ppm, and the peak at 177.0 ppm. These peaks are a strong indication that the Al complexation process (the formation of Al-O-C bond) occurs preferentially with the terminal carboxyl group of the CA (see Fig. 1b) . Analysis of the 13 C NMR of Mg/CA and Ti/CA suggests that the Mg and Ti complexation process occurred. This result confirms the formation of the (Al, Mg, and Ti)-CA complex. The chemical shift observed in the metal-CA solutions complexed must be related to the new chemical environment promoted by the (Al, Mg, and Ti) complexation.
The 13 C NMR analysis also indicates that there is a carboxyl groups that does not participate in the (Al, Mg and Ti)-CA complex formation. This suggests that the central carboxyl group can be used in a later polymerization reaction. 
Nanocomposite Phase Formation Study
The total weight loss obtained by the TG measurements, illustrated in Figure 3 , and the carbon concentration obtained by CHN varies with the different systems studied and with different Ni concentrations. However, the formation of a carbon phase was always observed.
During the pyrolysis step takes place the macromolecule breakage. The CO/CO 2 -rich atmosphere generated during the pyrolysis will promote the reduction of the Ni salt, resulting in metallic nanoparticles in a crystalline matrix formed basically by Al 2 O 3 , MgO, and TiO 2 , respectively. These Ni particles are preferentially embedded within the crystalline matrix and are not deposited on the matrix surface.
The crystal structure of the nanocomposites was characterized by X-ray diffraction (XRD) (model D-5000; Siemens, Karlsruhe, Germany), with CuKa radiation and a graphite monochromator. The XRD patterns, presented in Figure 4 , are related to several nanocomposite systems and confirm the reduction of the Ni salts and the formation of metal particles. These XRD patterns also show that the (Al 2 O 3 , Fig. 1 .
RESEARCH ARTICLE
13 C NMR spectra of the system investigated with (a) citric acid and (b) citric acid/aluminum nitrate just after the preparation. MgO, and TiO 2 ) phases formed during the second step of the heat treatment in a N 2 atmosphere are crystalline. For the sample containing the highest Ni concentration (17.7 wt% Ni; see Fig. 4a ), two phases were noticed by XRD, namely metallic Ni and NiO. The Al 2 O 3 phase was not observed, and it was assumed that the matrix is still amorphous at those temperatures. For the lowest Ni concentration (5.0 wt% Ni), illustrated in Figure 4b , metallic Ni was the only phase observed and the matrix is amorphous in this case. Figure 4a (inset) displays the main XRD peaks of pure NiO, Ni, and Mγ-Al 2 O 3 . This analysis also indicates that nickel aluminate spinel (NiAl 2 O 4 ) was not noticed with this synthesis route. The structural bonding between Al 2 O 3 and Ni that frequently occurs in several synthesis procedures could promote the formation of a solid solution (spinel) that would lead to the deactivation of active sites of metallic Ni. [5] [6] [7] The Ni:MgO (18.3 wt% Ni) nanocomposite showed a phase evolution as a function of temperature similar to that observed in the Ni:Al 2 O 3 system. The MgO maximum intensity peak is very close to the metallic Ni peak (2v ϭ 44.5), which does not allow a good identification of the Ni phase (see Fig. 4c ). The XRD patterns of Ni:TiO 2 (15 wt% Ni) nanocomposite, as a function of the annealing temperature, are illustrated in Figure 4d . The XRD pattern peaks could be ascribed to the anatase (tetragonal) TiO 2 crystalline phase and to metallic Ni nanoparticles. The rutile (tetragonal) phase was not formed during the annealing treatment of the Ni/TiO 2 system, even at the highest temperature used. This transformation (anatase to rutile) takes place at around 780 °C for pure titania. 8 The XRD patterns in Figure 4 also show that the amount of the amorphous phase fraction decreases with increased annealing temperature.
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Transmission electron microscopy (TEM) observations were performed with a 200-kV Philips CM 200 microscope. Figure 5a shows a dark-field (DF) TEM image of the Ni:Al 2 O 3 (containing 5.0 wt% Ni) nanocomposite sample. We can observe Ni nanoparticles (dark and bright spots in the photograph) well dispersed within the Al 2 O 3 matrix. TEM DF analysis revealed that the Ni particles present a homogeneous particle size distribution, with a mean particle size of 3.7 nm. Figure 5b shows bright-field (BF) TEM images of the Ni:MgO (18.3 wt% Ni) nanocomposite annealed at 500 °C. We can observe Ni nanoparticles (dark spots in the photograph, with a mean particle size of 2.5 nm) embedded within the MgO crystalline matrix. The chemical analysis (EDX) of the Ni:MgO (18.3 wt% Ni) nanocomposite annealed at 500 °C (see Fig. 5c ) allowed the identification of the Ni, Mg, and C elements present on the nanocomposite. The BF TEM image analysis of the Ni:TiO 2 (15 wt% Ni) nanocomposite annealed at 400 °C (Fig. 6a) showed Ni nanoparticles with a mean particle size of 8.6 nm (see Fig. 6b ). The regular arrangement of the Ni nanoparticles embedded within the TiO 2 matrix suggests a homogeneous dispersion that may be related to the significant values determined for the metallic dispersion reported in Table I . A high-resolution TEM image of the Ni:TiO 2 nanocomposite, illustrated in the inset of Figure 6a (inset), showed TiO 2 nanocrystals (anatase phase; see DRX analysis) with particle sizes below 2.0 nm.
The present method also permits the synthesis of other matrices, such as CeO 2 -doped Al 2 O 3 and MgO-doped Al 2 O 3 . In these heterogeneous matrices, Ni is also homogeneously dispersed. Figure 7a and 7b presents BF TEM images of Ni nanoparticles embedded within CeO 2 -doped Al 2 O 3 and MgO-doped Al 2 O 3 matrices. The Ni concentrations are 18.2 and 15.4 wt% Ni, respectively. Ni particles display a uniform size (1-5 nm), and they are well dispersed and embedded within the matrices of 5.4 wt% CeO 2 -doped Al 2 O 3 and 24 wt% MgO-doped Al 2 O 3 .
Information related to surface areas, crystallite size, particle size, and metallic dispersion is presented in Table I . One can notice that the values of the surface areas seem to be influenced by the chemical composition and by the pyrolysis temperature. This suggests that the surface areas, characteristic of nanocomposites, are sensitive to the heat treatment procedure and to the decrease in residual carbon and Ni concentration. The crystallite size of the metallic component of the nanocomposites in the different matrices studied was determined by the Sherrer equation, using the (111) diffraction peak. 9 In this study, the diffraction peak profile was fitted with the use of a pseudo-Voigth function to calculate the full width at half-maximum. The mean particle size was estimated by TEM, examining different regions of the samples. The mean particle sizes thus obtained are in good agreement with the crystallite sizes characterized by XRD (see Table I ). 
CONCLUSION
The results presented here demonstrate the feasibility of obtaining Ni nanocomposite embedded within a series of doped or undoped matrices, by a sol-gel (hybrid polymeric precursor) synthesis route. The synthesis was based on a previously reported procedure developed for obtaining nanocomposites based on SiO 2 and a transition metal. 1 This microstructural feature (i.e., Ni nanoparticles embedded within a crystalline matrix) can result in new materials with very interesting magnetic and catalytic properties. Thus there is a considerable interest in preparing nanocomposite materials with completely controlled architectures that can be tailored for specific technical applications.
A detailed discussion and a more in-depth analysis of the present method and its application in all of the metallic systems studied will be the subject of future work. 
